The Intraosseous Transcutaneous Amputation Prosthesis (ITAP) may improve quality of life for amputees by avoiding soft-tissue complications associated with socket prostheses and by improving sensory feedback and function. It relies on the formation of a seal between the soft tissues and the implant and currently has a flange with drilled holes to promote dermal attachment. Despite this, infection remains a significant risk. This study explored alternative strategies to enhance soft-tissue integration.
The Intraosseous Amputation Prosthesis (ITAP) (Stanmore Implants Worldwide Ltd, Elstree, United Kingdom) is an osseointegrated, transcutaneous titanium alloy implant that penetrates the skin to attach an external prosthesis. It avoids many of the common problems of conventional socket prostheses, such as discomfort, excessive perspiration, pressure sores caused by non-uniform pressure distribution over the stump and the need for repeated fittings due to poor fit. [1] [2] [3] Osseointegrated transcutaneous prostheses are able to avoid these problems because the forces that would be encountered by the soft tissues of the stump with the use of a socket prosthesis are transferred directly to the skeleton.
Achievement of a seal between the soft tissues and the implant is necessary to avoid infection. Soft-tissue attachment to the implant prevents epithelial downgrowth (the migration of epithelial cells downwards and parallel to the side of the implant), which may lead to marsupialisation (pocket-formation) of the soft tissues and thereby a route for organisms to enter the underlying soft tissues. 4 In order to achieve soft-tissue integration, fibroblasts must win the 'race for the surface' against bacteria. The 'race for the surface' describes the competition between eukaryotic cell and bacterial adhesion on the implant's surface. 5, 6 In the case of ITAP, fibroblasts need to adhere to the surface before bacteria. If fibroblasts win the 'race', the implant would be covered by a cellular layer, making the surface less available for bacterial attachment. This would lead to successful tissue integration. However, bacteria may win the 'race' establishing biofilm formation, which may be difficult to eradicate. The current ITAP design has a flange with drilled holes to increase soft-tissue integration. Infection, nevertheless, remains a risk.
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This study aimed to investigate if surface modifications and coatings could improve soft-tissue integration by enabling fibroblasts to win the 'race for the surface' against bacteria. Fully porous titanium (i.e. with interconnected pores) has been shown to increase tissue integration, as pores allow migration and proliferation of cells, ingrowth of blood vessels and consequently tissue formation within the porous structure. 7, 8 Other osseointegrated prosthetic designs have shown improvements in soft-tissue integration with porous-coated implants, but have not eliminated the problem of marsupialisation. 9 A fully porous ITAP flange has not previously been investigated. Fibronectinfunctionalised hydroxyapatite (HAFn) has been shown to enhance in vitro fibroblast adhesion and, when applied to drilled-holed implants, has improved in vivo soft-tissue integration. 10, 11 However, it is known that bacteria often adhere to surfaces that promote soft-tissue integration and therefore, the presence of an antimicrobial coating during the early post-operative period before a robust seal has formed may be of value to prevent bacteria from adhering before fibroblasts attach. Silver has a broad spectrum of antimicrobial activity and can be incorporated into fibronectin-functionalised hydroxyapatite coatings using an electrochemical deposition technique. 12, 13 An advantage of the electrochemical deposition technique is that it may be used to coat complex structures (such as a porous flange). More commonly used line-of-sight techniques, such as plasma spraying, would not be able to do this.
14 Fibronectin-functionalised hydroxyapatite coatings with silver (HAAgFn) have been shown to prevent bacterial colonisation while promoting viable fibroblast attachment in vitro. 15 The hypothesis of this in vivo study is that a fully porous ITAP flange would increase soft-tissue integration over the current drilled-hole design and that HAAgFn coatings would further increase soft-tissue integration.
Materials and Methods
Transcutaneous pin designs and coatings. Transcutaneous pins with a laser-sintered porous titanium alloy flange (pore size 700 μm and strut size 300 μm, porosity 18%) (Eurocoatings, Trentino, Italy) were used (Fig. 1a , Table I ). The flanges were either uncoated (PT) or coated with electrochemically deposited hydroxyapatite (PT-HA), hydroxyapatite (HA) with fibronectin (PT-HAFn), HA with silver (PT-HAAg) or HA with silver and fibronectin (PT-HAAgFn). The details of the surface preparation and electrochemical deposition process is available in the supplementary material. The current ITAP drilled-flange (DF) design, which consists of a flat flange with drilled holes (with a diameter of 700 μm) and a tapered intraosseous stem was used as a control (Fig. 1b , Table I ). The flange and the stem are coated with plasma sprayed HA (Plasma Biotal Ltd, Buxton, United Kingdom). An uncoated straight pin (SP) without a flange was included as a control for the DF design. Surface characterisation. Scanning electron microscopy (SEM) was performed to visualise the surface topography and morphology of all coatings on the outer surface of the implants and to measure the thickness of HA and HAAg coatings on the outer surface of the implant and within the central pores. Energy-dispersive X-ray spectroscopy analysis was performed to determine the Ca/P ratio of HA coatings and to measure the atomic percentage of Ag within coatings. A full description of this technique is available in the supplementary material. Silver release. The amount of silver released into fetal calf serum from PT-HAAg was measured over a four-week A line intercept method was used for these measurements (Fig. 2) . 4 The thickness of the epithelial and dermal tissue layers was measured and expressed as a percentage of the thickness of these layers in contact with the implant surface.
A semi-quantitative estimate was used to express the percentage of the pore filled with soft tissue and the density of the tissue within the pore compared with that outside it.
Fibroblast nuclei within the inner pores were counted within a defined area and the number per mm 2 calculated. The blood vessels within the inner pores were counted within a defined area and number of blood vessels per mm 2 was calculated. Statistical analysis. This was performed using SPSS version 21.0 software (IBM, Armonk, New York). The KruskalWallis test was used to identify differences between groups. Paired Mann-Whitney U tests were used to determine differences between implant types. A p-value < 0.05 was considered statistically significant. Data are presented as median values and 95% confidence intervals (CI).
Results
Surface characterisation-surface topography, coating thickness and elemental composition. The electrochemically deposited coatings on the porous titanium alloy flanges contained a combination of plate-like, needle-shaped and globular crystals similar to that observed on solid discs in previous in vitro studies. 15 SEM images are shown in Figure 3 . The median calcium:phosphate atomic percentage ratio for electrochemically deposited HA coatings was 1.74 (95% CI 1.62 to 1.86). This indicated that these HA coatings were close in composition to pure stoichiometric HA. The thickness of coatings is presented in Table II. Table III shows the silver atomic percentages of HAAg/Fn coatings. Silver release. The silver release was greatest over the first 24 hours, and gradually reduced over time (4.14 μmol/L at 28 days). The rate of release was slowest between days 11 and 28. Silver continued to be released throughout the 28-day test period (Table IV) . Soft-tissue integration-epithelial downgrowth. SP resulted in the greatest degree of epidermal downgrowth. DF reduced epithelial downgrowth compared with SP (DF = 4.2 mm, SP = 6.1 mm; Mann-Whitney U test, p < 0.001). PT reduced epithelial downgrowth compared with DF (Mann-Whitney U test, p = 0.027). The addition of coatings to PT did not result (Table V) .
Soft-tissue integration-percentage epithelial attachment. The epithelium did not attach to the SP and this implant was therefore associated with the lowest median percentage epithelial attachment (0%, interquartile range (IQR) 0% to 0%). The DF had a greater median percentage epithelial attachment, which was highly variable between implants (63.4%, IQR 0% to 100%) (Mann-Whitney U test, p = 0.045). There was no (Fig. 4) . Histological sections are shown in Figure 5 . Soft-tissue integration-percentage soft-tissue fill. The median percentage soft-tissue fill within the inner pores of PT was significantly greater than that of the DF (PT = 90%, DF = 65%; Mann-Whitney U test, p < 0.001). The addition of coatings did not result in any increases in percentage soft-tissue fill (Table VI) . Histological sections are shown in Figure 5 .
Soft-tissue integration-number of cell nuclei/mm
2 . There was a greater median density of cell nuclei within the inner pores of the PT flange than the DF (PT = 3922.6 mm 2 , DF = 1520.5 mm 2 ; Mann-Whitney U test, p = 0.018). The addition of coatings was not associated with any change in density (Table VII) .
Soft-tissue integration-number of blood vessels/mm

.
There was a greater median density of blood vessels within the inner pores of the PT flange than the DF (PT = 213.2 mm 2 , DF = 0 mm 2 ; Mann-Whitney U test, p = 0.002). Coatings did not result in further increases in blood vessel ingrowth.
Discussion
This study has shown for the first time that using a PT flange reduces epithelial downgrowth and increases dermal attachment and ingrowth of vascularised soft tissue into pores when compared with the standard drilled-hole ITAP flange. Other studies of the effect of porous titanium alloy on soft-tissue integration of transcutaneous pins have used porous coatings rather than a fully porous material, have assessed smaller pore sizes and have made comparisons with smooth implants rather than drilled-hole implants. 9, 16, 17 The coatings did not show any statistically significant advantages over PT. The median dermal attachment of PT was 80% and the median soft-tissue fill was 90%. It may be difficult to achieve significant improvements or complete soft-tissue attachment with the animal model used in this study. In this study, the sheep were mobilised bearing full weight from the first post-operative day, which would create some movement at the skin-implant interface before the seal could form. In clinical practice in humans, there is a rest period where the implant is not loaded during the early wound-healing period. Increased bacterial exposure is also likely in an animal model, however, the sheep may have a higher resistance to bacterial infections than humans.
Although there were no statistically significant differences when coatings were added to PT, PT-HA lost some of the beneficial effects associated with PT. The reduction in epithelial downgrowth associated with PT-HA compared with DF was not statistically significant. PT with all other coatings significantly reduced epithelial downgrowth. Additionally, PT-HA was the only PT implant not associ-°7 ated with significantly improved blood vessel ingrowth compared with DF. The negative effect of HA may be due to increased bacterial colonisation when this coating is used on porous titanium, permitting bacteria to win the 'race for the surface'. 15 PT-HAFn did not have a negative effect although, similarly to HA, HAFn would be expected to promote adhesion of some bacterial strains. [18] [19] [20] It is possible that when fibronectin is added to HA, despite its potential to increase bacterial colonisation, cells are able to win the 'race for the surface' due to early soft-tissue adherence allowing HAFn to overcome any loss of beneficial effects associated with HA.
Silver release was sustained over the 28 days at a slow rate indicating that the coating persists for 28 days. These were below levels that would cause systemic toxicity. 21 The levels released remained above those shown to have bactericidal activity in vitro. 12 HAAg coatings did not produce any adverse soft-tissue reactions suggesting that the levels of silver were safe. PT-HAAg was associated with increased vascularisation within the inner pores compared with PT-HA. Additionally, PT-HAAg/Fn maintained the beneficial effects that PT had on epithelial downgrowth and vascularity over DF that PT-HA had lost. This indicates that silver had some effect. The effect of silver coatings without HA or increasing the concentration of silver may have a different effect. It is possible that, despite not having a significant effect on soft-tissue attachment, silver could reduce bacterial colonisation, which could be of value in terms of preventing infection. If this were to be the case, the fact that this study has shown that there is no adverse soft-tissue reaction associated with silver, would be useful. Further data on bacterial colonisation on the implant surfaces in this study will be published separately.
It has been previously shown that if dermal attachment is achieved even without epithelial attachment, epithelial downgrowth is inhibited. 4 Once epithelial downgrowth is prevented and keratinocytes in the epithelium come into contact with the implant surface, they may attach via hemidesmosomes and allow an epithelial seal to form in addition to the dermal seal. 4, 22, 23 The porous flanges did not, however, significantly increase epithelial attachment, despite the increase in dermal attachment. Design modifications to increase epithelial attachment may be necessary, such as coating the transcutaneous portion of the implant with proteins that enhance keratinocyte attachment. There are several potential limitations of this study. Firstly, we measured soft-tissue contact rather than mechanical strength of attachment. However, other studies that have performed mechanical testing have shown that the histological findings support strength of attachment results.
24,25 Secondly, the time period of four weeks for this study was short. It is known that as time increases softtissue attachment increases.
24,26 The short time period which was selected as an assessment of early attachment is essential, as early soft-tissue attachment is the key factor affecting the outcome of the 'race for the surface'. 5, 6 Longer periods of time would also make quantification of cell nuclei density challenging due to the proliferation of nuclei.
Although the main intended application of the findings from this research is for improving the success of ITAP, the findings could also be applied to other transcutaneous devices. For example, the addition of a porous flange to external fixator pins may have the potential to reduce infection rates by improving soft-tissue integration at the skinimplant interface. Furthermore, the coating HAAgFn may be more likely to produce favourable in vivo results for osseointegration than for soft-tissue integration due to the rough topography. Further investigation of porous metals coated with electrochemically deposited HAAg (with and without fibronectin) to assess the effect on osseointegration would be useful to determine if these coatings could play a role in preventing loosening and bacterial colonisation of the intraosseous portion of ITAP or for uncemented arthroplasty surgery. Additionally, this coating technique could be applied to endoprosthetic replacements with porous collars e.g. for tumour resection.
In conclusion, the results of this study indicate that a PT flange, without the addition of coatings, has the potential to increase the soft-tissue seal around ITAP, which would be expected to reduce the susceptibility of ITAP to infection compared with the current drilled-hole flange design. Further investigation of fibronectin and silver coatings without HA may be of value. -It is therefore postulated that a fully porous titanium alloy flange, without the addition of coatings, has the potential to reduce the susceptibility of ITAP to infection by increasing soft-tissue integration.
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